of evidence for proton transfer in five small ribozymes: the hepatitis delta virus (HDV), hairpin, hammerhead, Varkud Satellite (VS), and glmS ribozymes.
The involvement of proton transfer in ribozyme mechanism is an area that has moved rapidly in the last few years. In some instances, mechanistic hypotheses flowed from high-resolution structural data; in others, functionally relevant high-resolution data followed experimental findings, while in other instances only secondary structures have provided the inspiration for experiments. In each case, discussion is limited to evidence for or against proton transfer, as full chapters are presented on the structures and mechanisms of these ribozymes elsewhere in this book. The chapter concludes with a look forward into outstanding questions and possible directions of the field.
Lastly, a comment about what is not covered is in order. This chapter focuses on proton transfer chemistry. Obviously, this is not the only catalytic device that nucleobases can offer to rate acceleration. For example, the nucleobases can provide a cationic charge, acting as oxyanion holes to stabilize an anionic transition state and provide electrostatic catalysis. Alternatively, the bases can hydrogen bond to the transition state to stabilize it and drive catalysis. In at least some instances, it is likely that two or more of these catalytic devices operate simultaneously, making it essential to consider cooperativity in parsing the contributions to catalysis. 2 The interested reader is referred to several reviews that discuss the many roles nucleobases can have in catalysis. [3] [4] [5] [6] Although the focus of this chapter is on proton transfer, other catalytic devices are often intertwined and will be addressed as necessary.
Overview of Proton Transfer Chemistry
During chemical changes in biology, multiple covalent bonds are made and broken. In the phosphodiester self-cleavage reaction common to small ribozymes, a bond is made between the O2 0 and the phosphorus (''m2'' in Figure  2 .1), and a bond is broken between the phosphorus and the bridging 5 0 -oxygen (''b2'' in Figure 2 .1).
While we often focus on non-hydrogen atom bond making and breaking events, it is important to also consider the concomitant making and breaking of covalent bonds with hydrogen atoms. These latter reactions are grouped under the designation ''proton transfer'' or ''acid-base chemistry'' because the most common isotope of hydrogen, protium, has just 1 proton, 1 electron, and 0 neutrons, and it is the proton, without its electron, that is transferred in this reaction (see electron pushing in Figure 2 .1). Proton transfer to and from biopolymer sidechains is designated ''general acid-base catalysis'', while proton transfer to and from water, or hydroxide and hydronium ions is designated ''specific acid-base catalysis''. [7] [8] Indeed, the reaction depicted in Figure 2 .1 involves the making and breaking of six bonds overall, with two of the making (m1 and m3) and two of the breaking (b1 and b3) events being proton transfers. Initially, it might seem surprising that transfer of a few protons would be important to the mechanism of ribozymes, typically having thousands of atoms. However, there is ample evidence for the critical importance of such transfers in protein enzymes and, increasingly so, in RNA enzymes.
For biochemical reactions, proton transfers such as those shown in Figure  2 .1 are ubiquitous. A survey of Silverman's text, The Organic Chemistry of Enzyme-Catalyzed Reactions reveals that virtually every enzyme-catalyzed chemical reaction (radical reactions excepted) involves some degree of general acid-base chemistry. 8 How important are such transfers to rate acceleration? Jencks pointed out that to the organic chemist such proton transfers are of no great concern because acid or base solutions can be added to the flask to drive the reaction. 7 However, to the cell these proton transfers present a significant hurdle because the pH is buffered near neutrality. Jencks stated the importance of proton transfer reactions to protein enzymes as, ''Facilitation of these proton transfers is the most important mechanism by which the rate of such a reaction may be increased in the chemistry laboratory and is almost certainly a major contributing mechanism in enzyme catalysis.'' 7 Contribution of proton transfer to ribozyme reactions from the perspective of charge accumulation is considered in this section, with quantitative estimates to ribozyme reactions provided in Section 2.3.
For ribozyme reactions, proton transfers are important because they prevent the accumulation of unfavorable intermediates that bear charge on bridging oxygen atoms. This principle is illustrated in the transition states drawn in Figure 2 0 -hydroxyl of the -1 nucleotide on the phosphorus center of the +1 nucleotide. During the reaction, three bonds are broken (bold, red in the reactant state and designated ''b1'', ''b2'', and ''b3''), and three bonds are made (bold, blue in the product state; positions of bonds to be made are designated ''m1'', ''m2'', and ''m3'' in the reactant state). Of these six bond making and breaking events, two of the making events (''m1'' and ''m3'') and two of the breaking events (''b1'' and ''b3'') involve proton transfers. Assuming that the transition state is synchronous, as described elsewhere, 9 the sum of the bond order on the phosphorus attached to the O2 0 nucleophile and O5 0 leaving group remains relatively constant near 1 throughout the reaction. This causes positive charge to accumulate on the O2 0 and negative charge on the O5 0 . (B) Reaction in the presence of general acid-base catalysis. It is assumed that the acid is cationic in the reactant state and that the base is neutral, as in Figure 2 .1. Here, charge accumulates on the general acid and general base rather than the O2 0 and O5 0 atoms.
In this illustration, it is assumed that the reaction is synchronous, as previously demonstrated for both uncatalyzed and alkaline phosphatase-catalyzed phosphate diester hydrolysis reactions.
9,z In a ribozyme self-cleavage reaction without general acid-base catalysis, positive charge accumulates on the nucleophilic 2 0 -oxygen and negative charge on the bridging 5 0 -oxygen (Figure 2.2A) . In a ribozyme self-cleavage reaction with general acid-base catalysis, charge does not accumulate on the 2 0 -or 5 0 -oxygens, but instead on the general acid-base species (Figure 2.2B) . Observation of Brønsted a and b values of B0.5 in the HDV ribozyme (discussed below) is consistent with the synchronous transition state in Figure 2 .2(B). The reaction depicted in Figure 2 .2(B) is much more favorable energetically than that in Figure 2 .2(A). This is because in the product state (Figure 2 .1) the 5 0 -oxygen has a pK a for protonation near 15, and in the reactant state this oxygen has a pK a o0 for protonation. 10 As such, positive or negative charge development on an oxygen atom, such as in the transition state without general acid-base catalysis (Figure 2 .2A), makes for a highly unfavorable reaction at neutral pH. Indeed, formation of the conjugate acids and bases of the reactants, such as these, is highly unfavorable for most enzymes. 7 It has been argued that even though the favorable reaction trajectory depicted in Figure 2 .2(B) involves proton transfer in the transition state, it does not preclude the need for pK a shifting in the reactant state.
3 This is because in order for the acid and base to donate and accept protons synchronously throughout bond cleaving and making 9 they must be in their functional protonated and deprotonated forms in the reactant state. As such, for optimal general acid-base catalysis, pK a values need to be shifted towards neutrality in the ground state, which is not to say that pK a shifting does not occur on reacting atoms as a reaction progresses from the reactant state to the product state.
Indeed, it is possible to express pH-dependent populating of the functional form of a ribozyme using a partition function and ground state acid and base pK a values, and to express the effects of acid and base pK a s on the transition state in a pH-independent intrinsic rate for proton transfers and bond cleavage. 11 This approach separates effects of pK a s on population and chemistry, and allows a graphical approach to analyzing the pH dependence of reaction kinetics (see below). This approach has led to remarkably similar estimates for the intrinsic rate of cleavage for RNA enzymes and protein enzymes. [11] [12] [13] Any properly positioned functional group with a pK a intermediate between the reactant and product state pK a s can and will act as a general acid-base catalyst -a principle Jencks colorfully referred to as the ''libido rule''. 14 Considering that the pK a on the bridging oxygen cycles between o0 and 15 during the course of the reaction (see above), many of the functional groups on the bases, which fall in this range (Figure 2.3) , 3, 15, 16 could be acid-base catalysts.
However, atoms with pK a s far from neutrality are poor general acid-bases. Both A and C have imino nitrogens with pK a values well below neutrality, at 3.5 and 4.2, respectively, and G and U have imino nitrogens with pK a s above neutrality, near 9.2; 15 moreover, these pK a s shift even further from neutrality upon hydrogen binding in Watson-Crick base pairs. 17, 18 Poor general acidbase character for pK a s removed from neutrality is due to one of two factors. First is the aforementioned need for the functional group to be in the proper functional state to carry out the transfer. For example, the N3 of cytidine has an unperturbed pK a near 4.2. Although its pK a is intermediate between 0 and 15, this group is ill-suited to act as a general acid without a pK a shift. This is because, at neutrality, only B0.1% of the cytidine is protonated, although the actual penalty is somewhat less than this because the 0.1% in the functional form is a better acid than a pK a 7 group, with the effect dependent on the Brønsted value for the transfer. 11 Second is that this group is suboptimal for acting as a general base because, although 99.9% in the functional form, having a pK a of 4.2 makes it a poor proton acceptor. Thus, the compromise is to have a pK a near neutrality. The pK a s closest to neutrality, and therefore most likely to function in general acid-base chemistry, are the imino nitrogens that participate in Watson-Crick base pairing (Figure 2.3) .
In proteins, histidine has an unperturbed pK a of B6, close to physiological pH. 19 Evolution thus appears to have endowed proteins with an ideal species for general acid-base chemistry -which is logical given that the vast majority of enzymes in nature are proteins. Indeed, histidine plays important roles in general acid-base chemistry in many proteins, e.g., RNase A. 20 Interestingly, despite having the choice of histidine, proteins often use amino acids other than histidine for proton transfer. In many instances, the pK a of these groups are shifted towards neutrality, making them more efficient acids and bases. For example, Glu-35 of hen egg white lysozyme has a pK a shifted upwards from 4.5 to 6.5-8.2 (with the actual value depending on the presence of an inhibitor), allowing it to act as a general acid to protonate an alkoxide leaving group. 21 In addition, upward shifting of pK a s plays an important role in acid-base chemistry in aspartyl proteases such as HIV-1 protease. 22 In other cases, e.g., 5-aminolevulinate synthase and 6-phosphogluconate dehydrogenase, lysine has been shown to act as a general base, with a pK a shifted downwards from B10.5 to B8.0-8.5. Given that proteins use pK a shifting to optimize an amino acid for general acid-base catalysis, it seems logical that RNA too might employ pK a shifting to optimize general acid-base chemistry. Two classes of shifted pK a s have been suggested for nucleobases. 3, 18 In Class I, the loaded proton is sequestered in hydrogen bonding, and in Class II this proton is exposed. Figure 2 .4 provides representative examples of each class.
Class I sites include 1, the A 1 Á C wobble pair that is common in RNA and DNA helices, [25] [26] [27] and near the cleavage site of the hairpin ribozyme 28, 29 and the lead-dependent ribozyme; 17,30 2, protonated adenine in a Hoogsteen interaction with guanine in a DNA duplex; 31-33 3, protonated cytosine forming a wobble base pair with guanine in the Tetrahymena ribozyme; 34 4, a protonatedcytosine-cytosine base pair; 35, 36 and 5, protonated cytosine forming a Hoogsteen pair with guanine found in DNA in a complex with an antibiotic. 37 Class II sites include 6, a model for the transition state of the HDV ribozyme selfcleavage reaction; 12 7, Hoogsteen-Hoogsteen interactions for two protonated adenines found in polyadenylic acid; 38 8, adenine and protonated adenine in a DNA duplex; 39,40 and 9, guanine and protonated adenine in a Hoogsteen pairing. 40 One reason for separating ionized base interactions into two classes is that they could have distinct functions. 3, 18 In Class II sites, the loaded proton is free to transfer from the nucleobase to the reaction leaving group and so, in principle, the nucleobase could act as a general acid; likewise, the proton is free to transfer from the nucleophile to the nucleobase and so the nucleobase could act as a general base. In Class I sites, the loaded proton is sequestered in hydrogen bonding, suggesting that, while having potential importance in electrostatic catalysis as an oxyanion hole or as a pH-conformational switch, this proton may not be able to participate in proton transfer. 3, 18 However, interestingly, protonation of one atom on a nucleobase typically perturbs the pK a of other atoms. For instance, protonation of cytidine on the N3 shifts the pK a of the N4 downward by B9 units, from 18 to 9. [41] [42] [43] This exceptionally large shift can be understood on the basis of electron donation from N4 into the ring system, which delocalizes positive charge onto N4. Given such pK a perturbation of the ring, it seems possible that Class I sites could be participants in general acid-base chemistry, albeit where the labile proton transferred is not the loaded and sequestered proton. Such a scenario would greatly expand the repertoire of general acid-base-capable motifs in RNA, as Class I sites appear to be more common than Class II sites.
Driving Forces for pK a Shifting in RNA
Several studies have been published describing driving forces for pK a shifting in RNA. A statistical thermodynamic formalism based on a linkage model has provided insight into the coupling between folding and pK a shifting. 44, 45 In this case, the unfolded state was treated as an ensemble of microscopic pK a s, and the few protonations in the folded state were treated explicitly. This led to a set of equations for extracting pK a values from pH-dependent melts, and identified cooperativity in RNA folding as a major driving force in pK a shifting. 45 In essence, the more interactions that form after loading of a folded-state proton, the bigger the pK a shift. Cooperative folding has been shown to be operative in small and large RNA and DNA motifs, suggesting the potential for significant pK a shifts. 2, [46] [47] [48] The linkage model has provided a good description of protonation behavior in pseudoknotted RNAs with a protonated cytosine motif, in which pK a shifts from 4.2 to 7.7-9.6 were determined. 47 The linkage model led to the description of two driving forces for pK a shifting: (1) Those involving cooperative formation of hydrogen bonding and stacking interactions, and (2) those involving close positioning of positive and negative charges, especially a ''À+À'' sandwich of charges. 49, 50 The first driving force is an essential feature of Class I sites, while the second driving force is essential to Class II sites; however, both driving forces could be operative for a given site. With regards to the second driving force, nonlinear Poisson-Boltzmann (NLPB) calculations have been used to identify regions of extreme negative potential in RNAs, as they may serve to favor nucleobase protonation and pK a shifting. 3, [51] [52] [53] Recently, pK a calculations for RNA were carried out on the basis of solutions to the Poisson-Boltzmann equation. 53 According to their findings, the authors developed a few simple rules for pK a shifting: compact motifs with conserved electrostatic arrangements lead to large pK a shifts, as do phosphates positioned to focus electrostatic potential on certain atoms. In particular, they calculated significant pK a shifts in the HDV and hairpin ribozymes. 53 In the HDV ribozyme, C75 was predicted to have a pK a of B9.6 in the product structure, which is just slightly higher than the range of 6-8 range measured experimentally, 12, 54 while in the hairpin ribozyme A10, A22, and A38 were predicted to have elevated pK a s of 6.6, 7.2, and 5.9, respectively. The pK a shift for A38 is intriguing as this base has been suggested to provide electrostatic stabilization in the transition state and is positioned to serve as a general acid. 11, 55 Overall, it is encouraging that general methods to predict nucleobase pK a values are being developed, as they may be helpful for identifying shifted pK a values in other RNA molecules.
Quantitative Contributions of Proton Transfer to RNA Catalysis
For proton transfer to merit special attention it should make significant quantitative contributions to chemical catalysis. Quantitating the contribution of any particular catalytic device to overall catalysis is problematic given that the contributions of various devices to rate acceleration are often nonadditive. 2, 3 For example, mutation of a nucleobase could change not only the rate of proton transfer but also positioning of atoms for in-line attack. One way to limit non-additivity is to study rate contributions on very simple model systems. In particular, Li and Breaker studied specific base-catalyzed cleavage of the phosphodiester backbone of a DNA-RNA chimeric strand and found that general base catalysis contributes B10 5 to rate acceleration under physiological conditions. 56 Mutation of each of the histidines to alanine in the protein enzyme RNase A revealed k cat /K m losses of 10 3 -to 10 5 -fold per mutation, 57 similar to those in the chimeric model phosphodiester system. Thus, a reasonable upper limit to the contribution of one proton transfer is 10 5 -fold. Quantitative contributions of proton transfer to overall catalysis have been estimated for the HDV ribozyme (described more fully in Section 2.4.2). Mutation of the catalytically important C75 to uracil, in C75U, led to losses in rate of greater than 7 Â 10 5 -and 2 Â 10 6 -fold for the antigenomic and genomic ribozymes, respectively. 3, 58 These effects are larger than the limit of 10 5 from the model phosphodiester system, 56 suggesting the presence of nonadditivity. 2, 3 One interpretation is that general acid-base chemistry y contributes near its maximum of B10 4 -10 5 -fold, 56, 57 and that the additional catalytic effect originates from positioning defects from loss of the hydrogen bonding of the N4 of C75 as seen in the crystal structure of the product form of the ribozyme. 59 In summary, general acid-base chemistry contributes substantially to rate acceleration in proteins and in nucleic acid model systems and enzymes.
Proton Transfer in Small Ribozymes: Five Case Studies 2.4.1 Why Small Ribozymes?
In this section, five case studies on proton transfer in ribozymes are presented. Various experimental approaches are discussed, including crystal structures, kinetics experiments, solvent isotope effects, proton inventories, Brønsted studies, and theoretical treatments. All five case studies involve proton transfer to and from nucleobases in the smaller ribozymes. This focus is because at present there is no evidence that larger ribozymes use nucleobases in proton transfer. As shown in Figure 2 .5, the nature of the cleavage reaction for large and small ribozymes is quite different. For the larger ribozyme, the nucleophile (Nu:) is the 3 0 -hydroxyl and the leaving group is the bridging 3 0 -oxygen. Moreover, the bridging 3 0 -oxygen is also the leaving group for the RNAcatalyzed peptidyl transferase reaction of the ribosome. One of the defining characteristics of a 3 0 -oxygen leaving group is the presence of a nearby source of labile protons for transfer to the leaving group in the form of the vicinal 2 0 -hydroxyl. Indeed, the 2 0 -hydroxyl vicinal to the 3 0 -oxygen leaving group has been shown to play a critical role in the reaction mechanism of group I introns 60 and the ribosome. 61 For the group I intron, detailed mechanistic studies are consistent with an intramolecular hydrogen bond from the 2 0 -hydroxyl to the developing negative charge on the bridging 3 0 -oxygen leaving group of the substrate.
60,62
y Evidence that C75 is involved in general acid-base chemistry and not just folding or electrostatic catalysis is described in Section 2.4.2.
In addition, biochemical 63, 64 and recent crystallographic studies 65 implicate a metal ion(s) in coordinating to the 2 0 -hydroxyl and bridging 3 0 -oxygen leaving group of the oG at the 3 0 -splice site, albeit with these studies arriving at differences in the number of metal ions making these contributions.
For the ribosome, the 2 0 -hydroxyl of the P-site tRNA substrate contributes substantially to peptide bond formation. 61 In this case, experiments and calculations support the notion that the 2 0 -hydroxyl participates in a proton shuttle, acting as both a general acid and a general base, either in a concerted or stepwise fashion to transfer a proton from the amine to the bridging 3 0 -oxygen (Figure 2.5A) . [66] [67] [68] Recent experiments on a slow-reacting A-site tRNA substrate, for which chemistry is rate-limiting, revealed absence of pH-dependence for peptide bond formation, which is most consistent with the absence of involvement of ribosomal nucleobases in general acid-base chemistry. 67 It is astonishing that a vicinal 2 0 -hydroxyl, whose identity changes with each step in protein synthesis, would trump the entire ribosome in terms of acid-base chemistry. This elegant finding does not lessen the importance of proton transfer to the overall reaction. It does, however, suggest that RNA enzymes, even very complex ones like the group I intron and the ribosome, will follow the simplest route to catalysis.
As depicted in Figure 2 .5(B), the nucleophile in small ribozyme cleavage reactions is the 2 0 -hydroxyl near the reactive phosphorus. Unlike the larger ribozymes, the small ribozymes do not have the convenience of labile protons vicinal to the leaving group. This is problematic given that protonation of this group is particularly important to rate acceleration, as revealed by physical organic studies. 69, 70 As detailed below, proton transfer appears to come instead from close positioning of a general acid nucleobase.
Evidence for proton transfer in five different small ribozymes will be the focus of the remainder of this chapter. Since a full chapter is written on each of these ribozymes, I provide only the background needed to discuss proton transfer. The reader is referred to the later chapters for further background.
Proton Transfer in the Hepatitis Delta Virus Ribozyme
The hepatitis delta virus ribozyme (Chapter 6) was the first catalytic RNA to have proton transfer from a nucleobase implicated in its mechanism and occurs as closely related genomic and antigenomic versions. Crystal structures from the Doudna laboratory have been instrumental in developing models for proton transfer in the HDV ribozyme. 59, 71 The idea that a nucleobase could participate in proton transfer followed from inspection of a high-resolution crystal structure of the self-cleaved product form of the ribozyme. 59 Close positioning of the 5 0 -hydroxyl of G1 and the N3 of C75 (2.7 Å ) led to the notion that C75/C76 could act as a general acid-base where C76 is the antigenomic counterpart of C75.
Studies from Been and co-workers showed that self-cleavage of inactive C75/ 76U or C75/76D (where ''D'' represents a deletion) versions of the ribozyme could be rescued by addition of imidazole to the reaction media. 58, 72, 73 This result is striking given that imidazole is the side chain for histidine, which is optimal for general acid-base chemistry without pK a shifting. These rescue experiments gave similar results on the genomic and antigenomic ribozymes. 12, 58, 72, 73 Kinetic ambiguity prevented assignment of C75 as a general acid or base. However, the crystal structure of the product form of the ribozyme 59 suggested that C75 might act as a general acid in the direction of cleavage. This is because, according to the principle of microscopic reversibility, accepting a proton by C75 from the 5 0 -hydroxyl in the product state would translate into donating a proton to the bridging 5 0 -oxygen in the reactant state. Kinetic experiments on the genomic form of the ribozyme were consistent with this notion, and led to a model for cleavage in which protonated C75 serves as the general acid and hydrated magnesium hydroxide, with a pK a of 11.4, acts as the general base. 12, 51 Evidence that C75 is involved in proton transfer comes directly from Brønsted plots. The dependence of log k obs on pK a of the rescuing small molecule was linear with a slope of B0.5 for both the antigenomic and genomic ribozymes. 72, 73 These data do not rule out an electrostatic role for C75, especially given that it is cationic when protonated, but if C75 were acting only as an oxyanion hole then the rate of the reaction would not depend on the basicity of the rescuing small molecule. 72 Key biochemical experiments that can implicate proton transfer in ribozyme mechanism are the pH-dependence of the rate, kinetic solvent isotope effects (KSIE), and proton inventories. The pH dependence of the self-cleavage rate for the HDV ribozyme gives pK a values near neutrality that couple anticooperatively with binding of a hydrated Mg 21 ion. 12 Fitting to a model encompassing all four Mg 21 -and H 1 -bound states gave intrinsic pK a values for C75 of 7.25 and 5.9 for Mg 21 -free and -bound states, respectively. 54 Identification of a pK a at biological pH is congruent with the ability of a ribozyme to tune a pK a for proton transfer.
The pH dependence of the reaction can be deconvoluted graphically to extract the contributions of populations of states and intrinsic rates of the reaction. 11 As shown in Figure 2 .6, a typical rate-pH profile for the HDV ribozyme, z in which rate increases log-linearly with pH and then levels off at high pH with a pK a of 7, can be accounted for by two models.
In the first model, referred to as ''GAB Model 1'', a general base has a pK a of 7 and is accompanied by an acid with a high pK a , such as hexahydrated magnesium, which has a pK a of 11.4 (Figure 2.6A) . In the other model, referred to as ''GAB Model 2'', a general acid has a pK a of 7 and is accompanied by a general base with a high pK a , such as pentahydrated magnesium hydroxide (Figure 2 .6B). The ability of these two models to provide indistinguishable data is a manifestation of kinetic ambiguity.
Another way to consider GAB Models 1 and 2 is in simple kinetic schemes (Schemes 2.1 and 2.2). 54 The two schemes have identical upper banks of states and differ only in which of the two states is chemically competent. Scheme 2.1 is the reaction model in which C75 acts as the general base and hexahydrated magnesium acts as the general acid, while Scheme 2.2 is the reaction model in which protonated C75 acts as the general acid and pentahydrated magnesium hydroxide acts as the general base. Indeed, the rate law for each scheme has an identical dependence on pH, 54 as expected from the graphical consideration in Figure 2 .6. In either case, observation of a pK a near 7 supports proton transfer from a nucleobase. When adenosine was substituted at residue 75 in C75A (or C76A), a pK a difference similar to that between CMP and AMP was observed in both the genomic and antigenomic ribozymes, consistent with assignment of the pK a to residue 75. 11 In each case the log of the functional form of the general acid, log f HA , is given in red, the log of the functional form of the general base, log f B , is given in blue, and the log of the fraction of the ribozyme in the functional form, log f 1 , is given in black. Note that log f 1 ¼ log f HA + log f B , which can be seen graphically. 11 (Notation of ''HA'' for the functional form of the general acid and ''B'' for the functional form of the general base do not specify overall charge of these species.) (A) GAB Model 1. Simulation for Scheme 2.1 for the HDV ribozyme in which C75 is the general base with a pK a of 7 and hexahydrated magnesium is the general acid (pK a of 11.4). In this instance, the log f 1 curve is hidden under the log f B curve. (B) GAB Model 2. Simulation for Scheme 2.2 for the HDV ribozyme in which protonated C75 is the general acid with a pK a of 7 and pentahydrated magnesium hydroxide is the general base (pK a of 11.4). Note that the simulations in panels (A) and (B) both afford log f 1 curves of identical shape. Rate-pH profiles of enzymes are, notably, fraught with difficulties in interpretation. These include the possibility that a pK a could be due only to a change in a rate-limiting step rather than ionization of a chemically essential residue, 74, 75 as well as the contribution of acid-and base-denaturation phenomena. 44, 45 Evidence against the pK a from the low pH-arm arising from a change in the rate-limiting step is the presence of a thio effect, 8 albeit with unusual properties, 76, 77 and a KSIE in the plateau region 12, 73, 78 With regards to the thio effect, the Sp phosphorothioate diastereomer was originally reported to react at the same rate as the unsubstituted phosphodiester (i.e., no thio effect), while the Rp was reported to have very little reactivity but with the portion that did react doing so at the same rate as the Sp. 76 Recent results on HDV cleavage in monovalent cations on unseparated phosphorothioate diastereomers revealed thio effects on the reactive half of the substrate that were attributed to the Sp diastereomer reacting slower than the unsubstituted phosphodiester. 77 Overall, these thio effects can be taken as support that chemistry is rate limiting in the HDV ribozyme both in the presence and absence of divalent metal ions.
Kinetic solvent isotope experiments have been conducted on both the genomic and antigenomic versions of the ribozyme. In each case, KSIEs in the plateau region of the plot were B3-4-fold, 12, 73, 78 and the pK a in D 2 O, after correction for the pH meter effect, was 0.4-0.6 units higher, as expected for proton transfers from similar functionalities. Proton inventory studies have been carried out on Mg 21 -containing reactions on both the genomic and antigenomic HDV ribozymes. 73, 78 These experiments, which describe the dependence of observed cleavage rates on the percent D 2 O composition of the solvent, have the potential to give information on the number of protons ''in-flight'' during the rate-limiting step. Inventories of 1 and 2 were found for the antigenomic 73 and genomic 78 ribozymes, respectively. The mechanistic basis for these differences is unclear; however, it can be noted that the steepness of the bowl-shape for the genomic ribozyme was dependent on the concentration of Mg 21 in the reaction, and tended toward an inventory of 1 at higher concentrations of Mg 21 . 78 In addition, inventories of 1 can always be fit with a greater number of proton transfers. 80 An inventory of 1 is generally consistent with a stepwise protontransfer mechanism in which one of the steps is rate limiting. 3 An inventory of 2 is consistent with two proton transfers in the rate limiting step, such as in a concerted proton transfer mechanism; proton inventories of 2 were found for RNase A. 81 In any case, the data support proton transfer being involved in the mechanism.
Proton inventories and KSIEs must be interpreted with caution, however. Walter and co-workers showed that conformational changes of the HDV ribozyme, which have no pH-dependence, can give rise to kinetic solvent isotope effects and bowl-shaped proton inventories, although they generally do not fit simple Gross-Butler equations for 1 or 2 proton transfers. 82 This study indicated that KSIEs and proton inventories alone do not prove that chemistry is rate-limiting.
Returning to the kinetic ambiguity issue, Das and Piccirilli carried out an incisive experiment for determining which of the reactant states is catalytically active. 83 They eliminated the need for general acid-base chemistry by replacing the bridging 5 0 -oxygen with a good leaving group, a bridging sulfur. This substitution rescued the C75U mutant, associating residue 75 with facilitating the leaving group in the reaction (Scheme 2.2). This experiment is the ribozyme counterpart of similar experiments that have been conducted on protein enzymes. 57 The reaction model in Scheme 2.2 is also supported by inversion of the rate-pH profiles in the absence of high pK a divalent ions and at high ionic strength, which support RNA folding, 12, 51 although this data can be interpreted two ways. 54, 84 Notably, the HDV ribozyme is active in the absence of divalent ions at low pH, as this supports a limited role of divalent ions in catalysis. 12, 51, 84 Indeed quantitative considerations suggest that Mg 21 ions contribute a modest 25-fold to the reaction rate. 51 The cleavage mechanism of the HDV ribozyme is not settled. Recent structures of the pre-cleaved HDV ribozyme, inactivated by a C75U mutation or omission of Mg 21 , show Mg 21 positioned to act as the general acid in cleavage, and C75 can be modeled as the general base. 71 Ultimately, resolution of the cleavage mechanism will require accord between structure and function. This topic is all the more interesting given that a ribozyme nearly equivalent to the HDV ribozyme has been recently discovered in the human genome (Chapter 7) and seems to operate by nucleobase catalysis. 85 Recently, theoretical studies have been conducted on the HDV ribozyme, which have arrived at mixed conclusions. [86] [87] [88] [89] In one study, the authors used quantum mechanics (QM)-molecular mechanics (MM) techniques that led them to favor a mechanism in which C75 acts as a general acid and hydrated magnesium hydroxide acts as a general base (Scheme 2.2). 86 The ribozyme was suggested to carry out two proton transfers, separated by a high energy trigonal bipyramidal intermediate. In another study, density functional theory was used to investigate the cleavage mechanism. 87 The authors reached a similar conclusion as the QM-MM study, favoring a two-step mechanism with C75 acting as the general acid (Scheme 2.2). These authors additionally implicated a fivecoordinate phosphorane as a high energy intermediate and N4-imino tautomerization of C75 as a way to stabilize and then deprotonate the phosphorane.
However, other computational studies, including molecular dynamics (MD) studies beginning from the pre-cleaved state of the ribozyme, suggest that C75 likely acts as the general base in the reaction (Scheme 2.1). 88, 89 Simulations were carried out with either unprotonated or protonated C75. Unprotonated C75 allows for a productive general base conformation, while protonated C75 allows for a productive general acid conformation. Although these various calculations reach different mechanistic conclusions, there is optimism that theory can contribute to our ability to understand proton transfer in ribozymes. Ultimate success will likely require a close connection between calculations and experiments.
Proton Transfer in the Hairpin Ribozyme
The final sections of this chapter consider data on proton transfer in the mechanism of four other small ribozymes. As with the HDV ribozyme, the role of the nucleobases in catalysis in the hairpin ribozyme (Chapter 5) was inspired by high-resolution crystal structures. However, landmark biochemical experiments preceded the structures, namely experiments showing that the hairpin, hammerhead, and VS ribozymes are active in the absence of divalent ions. [90] [91] [92] [93] These experiments provided strong, albeit indirect, evidence that nucleobases may be active participants in chemistry. Ferre-D'Amare and co-workers have solved multiple structures of the hairpin ribozyme, including reactant, product, and vanadate-bound transition state complexes. 94, 95 These structures revealed the N1 of G8 positioned near the nucleophilic 2 0 -hydroxyl and the N1 of A38 near 5 0 -bridging oxygen leaving group. 94, 95 More recent crystal structures from the Wedekind laboratory, solved in the absence of the U1A protein used in the prior studies, revealed four ordered water molecules that might be involved in chemistry, 96 and showed altered positioning of the bases. 97 The hairpin ribozyme has also been subjected to rate-pH profiles, KSIEs and proton inventory. Burke and co-workers showed that one of the pK a s in the rate-pH profile was sensitive to the pK a of the base at position 8. 98 The resultant rate-pH profiles supported the importance of the ionization of G8 to cleavage, although kinetic ambiguity precluded assignment of the neutral or anionic form as being functional. In addition, a KSIE of 3-4 was observed, as was a proton inventory of 2. 98 These findings parallel those on the HDV ribozymes that supported proton transfer.
As stated, two of the residues implicated in catalysis by the hairpin ribozyme are G8 and A38. 94, 95 However, their roles in proton transfer in the mechanism of the hairpin ribozyme are uncertain. Small molecule rescue experiments on G8 and A38 have been interpreted to favor a role for the nucleobases in making electrostatic contributions to catalysis; 55, 99 in this scenario, water molecules, perhaps those seen in recent crystal structures, 96 serve roles as specific acids and bases. 5 In addition, recent MD calculations on the transition state structure led to the suggestion that water might be a specific base in the reaction mechanism, 100 although G8 and A38 maintained general base and acid positionings, respectively, from the crystal structure. However, rate-pH profiles and positioning of these atoms in crystal structures are also consistent with general acid-base chemistry, in which G8 acts as the general base for cleavage and A38 acts as the general acid. 11 As stated for the HDV ribozyme, it is not impossible that the nucleobases serve both roles in catalysis. Recent calculations of pK a values are consistent with several adenosines in the hairpin having elevated pK a s, including A38, 53 which is supportive of either electrostatic or proton transfer roles.
Lilley and co-workers have conducted two series of experiments that implicate nucleobases in hairpin ribozyme catalysis. In one instance, they incorporated imidazole covalently into the backbone of the hairpin ribozyme in place of G8 using phosphoramidite chemistry; 101 they developed this technique because the hairpin ribozyme is not rescuable by imidazole addition. 102, 103 Not only was the modified ribozyme reactive, it gave identical rate-pH profiles for cleavage and ligation reactions, which is interpretable as having either a general acid-base or an electrostatic role in the reaction. 11, 101 The Lilley laboratory has also conducted single molecule experiments on the hairpin ribozyme as a function of pH. Importantly, these experiments were done on a natural four-way junction construct that allowed separation of folding and chemistry steps. 104 As with the imidazole nucleoside experiments, these studies gave identical rate-pH profiles for cleavage and ligation, showing again the possibility for general acid-base roles for nucleosides in the mechanism.
In summary, nucleobases clearly play essential roles in the mechanism of the hairpin ribozyme. In addition, several experiments support G8 and A38 serving as the general acid and base in the reaction, although recent crystallographic, small molecule rescue, and computational studies support specific acid-base chemistry in the mechanism. As mentioned for larger ribozymes, proton shuttles involving water are formally possible, as is a combination of proton transfer and electrostatic roles by the bases themselves.
Proton Transfer in the Hammerhead Ribozyme
The HDV and hairpin ribozymes followed courses of investigation that were not dissimilar. In each case, initial biochemical studies established reliable secondary structures. High-resolution crystal structures were then solved, which dominated the design and interpretation of biochemical experiments that were for the most part congruent with the structural data. The hammerhead ribozyme, however, has followed a more complex course of development (Chapters 3 and 4) .
Several high-resolution structures were solved for this ribozyme from Scott and co-workers. [105] [106] [107] [108] However, findings from biochemical experiments suggested that the positioning of some of the atoms seen in the early crystal structures were not catalytically relevant. 109 In particular, metal ion rescue experiments and mutants required close positioning of A9 and the scissile phosphate, which were 20 Å apart in the crystal structure. 110 Indeed, quite recent results of the pH-dependence of G8 and G12 substitutions, 111 and crosslinking/reactivity studies 112, 113 supported the notion that the early structures were not of the catalytic fold.
Recently, Martick and Scott solved the crystal structure of a hammerhead ribozyme with peripheral domains that aid folding and discovered a very different catalytic core. 114 Strikingly, many of the earlier structure-function discrepancies were resolved by the new structure. The structure has suggestive roles for nucleobases in catalysis. In particular, G8 and G12, implicated above in solution biochemical studies, [111] [112] [113] are positioned to participate in catalysis. 114 The N1 of G12 potentially serves as a general base to deprotonate the 2 0 -hydroxyl nucleophile, while the 2 0 -hydroxyl of G8 potentially serves as a general acid to protonate the bridging 5 0 -hydroxyl. The hammerhead ribozyme, like the HDV and hairpin ribozyme, is now poised for in-depth mechanistic studies to help determine if the bases themselves are carrying out proton transfer, as suggested by the recent structure.
Proton Transfer in the VS Ribozyme
Unlike the HDV, hairpin, and hammerhead ribozymes, there is presently not a crystal structure of the entire VS ribozyme (Chapter 5), although NMR structures have been reported for various domains, including the cleavage site. [115] [116] [117] Despite the absence of a crystal structure, there is an amazing amount of recent biochemical work that has implicated nucleobases in catalysis, potentially as general acid-bases. In particular, work from Lilley and coworkers with the imidazole phosphoramidites, discussed above for the hairpin ribozyme, has shown A756 to imidazole as reactive, albeit at a reduced rate. 103 Residue 756 was implicated in catalysis on the basis of modeling from FRET and electrophoresis data, 118 as well as the kinetics of various mutants, 119, 120 which was the basis for targeting it with imidazole. Most recently, these authors went in search for another nucleobase that might be active in catalysis. 121 They made numerous modifications in the substrate stem-loop and identified G638 as important to catalysis. Rate-pH profiles of substitutions at this position showed that this residue is responsible for one of the pK a s in the rate-pH profile. The mechanism of the VS ribozyme that follows from these studies is consistent with general acid-base chemistry by G638 and A756, and is remarkably similar to the hairpin ribozyme, suggestive of a convergent evolution in mechanism.
Recently, Smith and Collins reported rate-pH profiles, KSIEs, and proton inventories for the VS ribozyme that strongly support the presence of proton transfer in the mechanism. 13 Using a VS ribozyme construct that they developed that reacts exceptionally quickly, 122 they performed a battery of mechanistic tests. They found evidence in the rate-pH profile for nucleobase pK a s with values of 5.8 and 8.3. Solvent isotope effect experiments led to a KSIE of 2, pK a shifts in D 2 O of 0.6 to 0.7 units, and proton inventories of 1 (but also consistent with 2). These observations are remarkably similar to those that support proton transfer in the HDV and hairpin ribozymes. Moreover, the two pK a values are supportive of the model from Lilley and co-workers in which an A and G participate in general acid-base 121 since these bases have unshifted pK a values relatively close to the observed pK a s (Figure 2.3) . One other notable feature of the Smith and Collins study is the testing of the effects of viscosity on the rate. 13 In particular, D 2 O is 1.2-fold more viscous than H 2 O at room temperature. The authors show that the effect of D 2 O on the reaction is not a viscosity effect. Moreover, this study shows that caution must also be exercised in evaluating the effects of D 2 O on reactions that are limited by conformational changes. 82 The course of research development on the VS ribozyme is interesting from a historical perspective. While high-resolution studies contributed profoundly to mechanistic development on the HDV, hairpin, and hammerhead ribozymes, the VS ribozyme's mechanism has developed without recourse to a structure of the intact ribozyme. Despite this limitation, there is now strong evidence to support proton transfer by nucleobases.
Proton Transfer in the glmS Ribozyme
The glmS ribozyme (Chapter 8), which consists of the expression domain of the glucosamine-6-phosphate (GlcN6P) riboswitch, is the most recently discovered small ribozymes. 123 Unusually, it requires a small molecule, GlcN6P, for activity. As with the HDV, hairpin, hammerhead, and VS ribozymes, it has been shown that divalent ions play only structural roles in the glmS ribozyme mechanism, again suggestive of a direct role for nucleobases in the mechanism. 124 In addition, rate-pH profiles give a pK a of neutrality -consistent with pK a shifting and optimization for general acid-base chemistry. 124 Intriguingly, recent studies support the direct participation of the GlcN6P cofactor itself in chemistry.
Remarkably, only two years after its discovery, two crystal structures of the glmS ribozyme bound to cofactor were solved. 125, 126 One crystal structure is of the glmS ribozyme from T. tengcongenis bound to the competitive inhibitor, Glc6P, 125 while the other structure is of the glmS ribozyme from B. anthracis bound to the GlcN6P cofactor. 126 Both structures are notable in that they implicate the cofactor in proton transfer. In both structures, the amine of the cofactor is 2.7 Å from the bridging 5 0 -oxygen, identical to the positioning of the N3 of C75 to its bridging 5 0 -oxygen in the HDV ribozyme product structure. 127 In addition, both glmS structures revealed a guanosine well-positioned to use its N1 as a general base in deprotonating the 2 0 -hydroxyl nucleophile.
Conclusion and Perspectives
Proton transfer is an essential catalytic device in promoting virtually all chemical reactions. Enzymes stabilize the transition state at a constant biological pH of neutrality by proton transfer. In large ribozymes and the ribosome, proton shuttles may be key in the transfers. In small ribozymes, nucleobase catalysis seems to be important, especially near the bridging 5 0 -oxygen where there is a dearth of labile protons. In these cases, evidence for perturbations of nucleobase pK a s towards neutrality have been provided. Such pK a shifts allow the nucleobases to function at the molecular level much like histidine and lysine in proteins. High-resolution crystal structures have been invaluable in developing models of proton transfer, although remarkable progress has been made recently on the mechanism of the VS ribozyme where a crystal structure of the intact ribozyme is not yet available.
Recently, accord between structure and function has improved for several ribozymes. Nonetheless, there is still much to learn about proton transfer. The new crystal structures on the hammerhead and glmS ribozymes will undoubtedly drive new biochemical experiments and theoretical calculations to probe mechanism. Additional crystal structures may shed light on small ribozyme mechanism. A full understanding of the role of proton transfer in mechanism will undoubtedly require structures of reactant, product, and transition state models for each ribozyme, as accomplished only for the hairpin ribozyme to date. In addition, structures of catalytically important ribozyme mutants will be required to achieve a full and deep understanding of proton transfer. Theory is also likely to play an increased role in understanding of proton transfer, especially given that structure and function is reaching a stage where questions of proton transfer are difficult to address experimentally.
Certain themes are developing in ribozyme proton transfer. Curiously, guanosine may hold a special role in deprotonating the 2 0 -hydroxyl for cleavage (and protonating it for ligation). In particular, the hammerhead, hairpin, and glmS crystal structures all reveal a guanosine in the position for general base catalysis for cleavage; even the VS ribozyme, for which a full-length structure in not yet available, has a guanosine implicated as the general base or acid. Of the small ribozymes, only the HDV ribozyme seems to not use guanosine as its general base, which may explain why only the HDV ribozyme requires low pH to operate proficiently in the absence of divalent ions. 12, 93 It is somewhat surprising that guanosine would act as a general base, given that it would presumably be anionic in its functional form. However, the pK a of the N1 of guanosine is only 2 units removed from neutrality (Figure 2. 3), and its anionic form could be stabilized by cooperativity arising from through-space electrostatic interactions with cationic species at the general acid position such as a protonated adenosine or GlcN6P.
